Cannabidiol (CBD), a constituent of cannabis with few psychoactive effects, has been reported in some studies to attenuate certain aspects of Δ 9 -tetrahydrocannabinol (THC) intoxication. However, most studies have tested only one dose of CBD in combination with one dose of oral THC, making it difficult to assess the nature of this interaction. Further, the effect of oral CBD on smoked cannabis administration is unknown. The objective of this multi-site, randomized, double-blind, within-subject laboratory study was to assess the influence of CBD (0, 200, 400, 800 mg, p.o.) pretreatment on the reinforcing, subjective, cognitive, and physiological effects of smoked cannabis (0.01 (inactive), 5.30-5.80% THC). Non-treatment-seeking, healthy cannabis smokers (n = 31; 17M, 14 F) completed eight outpatient sessions. CBD was administered 90 min prior to cannabis administration. The behavioral and cardiovascular effects of cannabis were measured at baseline and repeatedly throughout the session. A subset of participants (n = 8) completed an additional session to measure plasma CBD concentrations after administration of the highest CBD dose (800 mg). Under placebo CBD conditions, active cannabis (1) was self-administered by significantly more participants than placebo cannabis and (2) produced significant, time-dependent increases in ratings of 'High', 'Good Effect', ratings of the cannabis cigarette (eg, strength, liking), and heart rate relative to inactive cannabis. CBD, which alone produced no significant psychoactive or cardiovascular effects, did not significantly alter any of these outcomes. Cannabis self-administration, subjective effects, and cannabis ratings did not vary as a function of CBD dose relative to placebo capsules. These findings suggest that oral CBD does not reduce the reinforcing, physiological, or positive subjective effects of smoked cannabis.
INTRODUCTION
The cannabis plant comprises over 104 cannabinoids (ElSohly and Gul, 2014 ) including Δ 9 -tetrahydrocannabinol (THC), the primary psychoactive cannabinoid and the one that defines cannabis potency (Izzo et al, 2009) . THC binds to the cannabinoid 1 (CB 1 ) receptor, which mediates the positive subjective and reinforcing effects of cannabis (see Cooper and Haney, 2008) . Cannabidiol (CBD), by contrast, is a cannabinoid with few if any psychoactive effects (Zhornitsky and Potvin, 2012) , and a varied and complex pharmacology. CBD has low affinity for CB 1 and CB 2 receptors (Pertwee et al, 2010) , binds to TRPV 1,2 , GPR55, and 5HT 1a receptors and inhibits anandamide hydrolysis via FAAH inhibition (Mechoulam et al, 2002; Grotenhermen, 2005; Ryberg et al, 2007) . Hashish may contain equal parts CBD and THC (ElSohly et al, 2003; Hardwick and King, 2008; Potter et al, 2008) , but CBD is typically present in low concentrations in recreational cannabis (o0.1%), based on samples seized by law enforcement.
Yet the effect CBD has, either alone or when combined with THC, is an area of some disagreement. Oral CBD (300-600 mg) alone has been reported to produce mild sedative and anxiolytic effects in some studies (Zuardi et al, 1993; Crippa et al, 2004 Crippa et al, , 2011 Bergamaschi et al, 2011a, b) , whereas most report no measurable psychoactivity (Benowitz et al, 1980; Borgwardt et al, 2008; Bhattacharyya et al, 2009; Winton-Brown et al, 2011; see Niesink and van Laar, 2013) . When combined with THC, some have shown that (1) smoked CBD (150 μg/kg) attenuated the 'euphoric' effects of smoked THC (25 μg/kg; Dalton et al, 1976) and (2) oral CBD (1 mg/kg) reduced spontaneous reports of oral THC intoxication (Zuardi et al, 1982) . These studies suggested that cannabinoids such as CBD lessen the 'unwanted psychotropic effects' of THC (Stott et al, 2013) , and contributed to the rationale for combining THC and CBD for therapeutic use in the form of nabiximols, an oromucosal spray with 1 : 1 ratio of CBD and THC (Russo and Guy, 2006) .
Yet most studies show that neither smoked, vaporized nor oral CBD alters THC's positive subjective effects, such as feeling 'high' or 'stoned' (Juckel et al, 2007; Roser et al, 2009; Morgan et al, 2010; see Zhornitsy and Potvin, 2012; Hindocha et al, 2015) . There are several explanations for this lack of consistency. The varied timing and route of CBD delivery relative to THC likely impacts the outcome. Further, most studies were not designed to directly test CBD and intoxication and tested only one dose of CBD in combination with one dose of oral THC (dronabinol), so it is difficult to define the nature of the interaction. And few studies have examined CBD's effects on smoked cannabis, the most common route by which THC is administered.
If oral CBD does, in fact, attenuate the positive subjective effects of smoked cannabis, it could have potential to help address the problem of cannabis use disorder (CUD). With increased rates of cannabis use nationwide, and given that 24% of patients entering treatment for substance abuse have a diagnosis of CUD (Substance Abuse and Mental Health Services Administration (SAMHSA) and Center for Behavioral Health Statistics and Quality, 2014), there is a clear need to improve treatment outcomes. There are a variety of ways that medications can facilitate drug treatment, and one approach is to reduce the direct positive subjective (eg, cannabis 'liking' or 'good effect') and reinforcing effects (self-administration) of the drug. Thus, the objective of this multi-site, within-subject laboratory study was to assess the influence of a range of CBD doses (0, 200, 400, 800 mg, p.o.) on the reinforcing, subjective, cognitive, and physiological effects of smoked cannabis (0.01 (inactive), 5.30-5.80% THC) in healthy cannabis smokers.
MATERIALS AND METHODS

Participants
Volunteers, 18-50 years of age, were recruited through newspaper advertisements and word of mouth. Those who met inclusion/exclusion criteria after an initial phone screen were invited to the laboratory for further screening. Before enrolling, candidates provided a detailed drug and medical history, received medical and psychiatric evaluations, and signed consent forms detailing all aspects of the research. Participants were accepted into the study if they were healthy, as determined by physical examination, psychiatric screening, electrocardiogram, blood pressure and heart rate, and urine and blood chemistries, were not regular users of drugs other than cannabis (aside from nicotine and caffeine), and were not seeking treatment for their cannabis use. Eligible participants smoked at least half a cannabis cigarette four or more times per week for the 4 weeks before screening, as determined by urine toxicology and self-report. Those who met the Diagnostic and Statistical Manual (of Mental Disorders), fourth edition, revised criteria for Axis 1 conditions that would benefit from medical intervention were also excluded. Females were excluded if they were pregnant or nursing or failing to practice an effective form of birth control. Current use of over-the-counter or prescription medication was also exclusionary.
Participants were told that the study objective was to determine how CBD, an experimental compound not approved by the FDA, influences the effects of cannabis in cannabis smokers. All procedures were approved by the Institutional Review Boards of the New York State Psychiatric Institute, University of Kentucky and Medical University of South Carolina and were in accordance with the Declaration of Helsinki.
Study Design and Procedures
This within-subject study included eight outpatient sessions over a minimum of eight weeks. Participants completed only one session per week to avoid potential carryover effects resulting from CBD's long terminal half-life (21-33 h; Aguerell et al, 1986; Consroe et al, 1991) . Prior to the first laboratory session, participants completed one or two practice sessions during which they were familiarized with the study tasks and procedures (no cannabis or capsules were administered). For experimental sessions, capsules containing placebo or CBD (200, 400, 800 mg) were administered, and half of an inactive or active cannabis cigarette was smoked 90 min later. The order of cannabis strength and CBD dose was randomized. Table 1 portrays the schedule for experimental sessions, which started at 0900 h and lasted~8 h. At the beginning of each session, we conducted a timeline followback questionnaire querying cannabis, alcohol, and other drug use as well as any side-effects or medication use since the last visit. Participants were instructed to refrain from using illicit drugs (other than cannabis, for which no instructions were given) for the duration of the study. They were instructed not to eat, drink alcohol, or smoke cannabis or tobacco cigarettes Participants were given a light breakfast (bagel or cereal, juice, coffee). Following breakfast, baseline cardiovascular measures, subjective effects questionnaires, and performance tasks were completed. CBD or placebo capsules were given 30 min after completion of breakfast. In order to minimize nicotine withdrawal symptoms, tobacco cigarette smokers were given up to two smoking breaks per session scheduled at the same time for all eight sessions. The participant and study staff were blind to capsule content. Ninety minutes after capsule administration, half of a cannabis cigarette was smoked (see below). Cardiovascular and subjective effects measures and a cognitive task battery were completed at baseline and at 15-120 min intervals following capsule and cannabis administration. Participants were allowed to select from a variety of lunch options, including an entree, beverage, and snack 60 min following cannabis administration. To measure the reinforcing effects of cannabis, participants were offered the opportunity to purchase up to three additional 5-s puffs of the cannabis sampled that morning 150 min after cannabis administration. Each puff cost $0.50 of their study earnings. At the end of each session, participants were free to leave after passing field sobriety and balancing tasks.
Experimental Sessions
Study Drugs
Placebo or CBD (0, 200, 400, 800 mg, STI Pharmaceuticals) capsules in size 00 opaque capsules, prepared by the EMINENT Services Corporation, were administered under double-blind conditions under observation of research staff 90 min prior to cannabis administration. The broad and upper range of CBD doses were chosen to ensure pharmacological activity given its known poor oral bioavailability of o20% (Mechoulam et al, 2002) . Timing of cannabis administration was designed to coincide with time-to-peak (T max ) plasma CBD concentrations estimated at 1-2 h (Agurell et al, 1981; Bhattacharyya et al, 2010; Winton-Brown et al, 2011; Englund et al, 2013) .
Cannabis (0.01, 5.30-5.80% THC; 0.01% CBD, ca. 800 mg), provided by the National Institute on Drug Abuse, was administered under single-blind conditions using a cuedsmoking procedure (Foltin et al, 1987) . In the morning administration, participants were instructed to 'light the cigarette' (30 s), 'prepare' (5 s), 'inhale' (5 s), 'hold smoke in lungs' (10 s), and 'exhale'. They smoked one puff every minute with a 40-s interval between each puff, until they had smoked 50% of the cannabis cigarette. In the afternoon, participants were similarly guided through smoking up to three puffs of self-administered cannabis, depending on their choice. Because the color of cannabis leaves varies as a function of THC content (Chait and Pierri 1989) , the cannabis was smoked through a cigarette holder and rolled at the end so the cannabis was not visible. Cannabis cigarettes were stored frozen in an airtight container and humidified at room temperature for 24 h prior to use. The order of cannabis strength and CBD dose were completely randomized.
Assessments
Subjective Mood and Drug Effects. All subjective effects were measured using visual analog scales, a series of 100-mm long lines labeled 'not at all' at one end (0 mm) and 'extremely' at the other end (100 mm). Participants were instructed to rate their subjective experiences according to how they felt at that moment. Measurements were taken at baseline and at scheduled intervals after CBD and cannabis administration (Table 1) .
Mood scale. Participants completed a 44-item scale assessing a range of affective and physical symptoms capturing effects, eg, friendly, mellow, sedated, anxious (eg, Haney et al, 2004) .
Marijuana rating form. Subjective cannabis-related effects were assessed using a five-item visual analog scale asking participants to rate the strength of the cannabis effect, good effect, bad effect, drug liking, and willingness to smoke the cannabis again. Participants also indicated whether they thought the cannabis was active or inactive.
Capsule rating form. Participants completed a five-item visual analog scale, rating the strength of the drug effect, good effect, bad effect, willingness to take drug again, and drug liking. In addition, participants were asked to indicate whether they thought the capsule was placebo or active.
Performance task battery. Cognitive function was assessed with a computerized battery including a Digit Symbol Substitution Task (DSST; 3 min) and a Continuous Performance Task (CPT: 5 min). This battery, designed for repeated assessments, measures psychomotor speed and sustained and selective attention.
Cardiovascular function. Heart rate and blood pressure were measured at baseline, 30, 60, and 85 min after capsule administration and 15-150 min after cannabis administration.
Plasma CBD. A subset of participants (n = 8) at the Columbia University site who completed the eight-week study completed one additional session to assess plasma CBD concentrations following CBD (800 mg) administration. These sessions occurred a minimum of 5 days following the last session day. Sessions began with a breathalyzer, urinalysis, carbon monoxide measure, breakfast, and baseline balance, and then a 20-gauge indwelling catheter (Quik-Cath; Treavenol Laboratories, Deerfield, IL, USA) was placed into a peripheral vein in the arm for blood withdrawal. Baseline blood (6 ml) was drawn and the CBD capsule (800 mg) was administered. Additional samples (6 ml) were collected at 60, 120, 180, 240, 300, and 360 min after CBD administration. Participants were allowed to leave the facility once they passed the field sobriety test. Samples were analyzed by a validated method that uses liquid/liquid extraction, derivitization, and gas chromatography-tandem mass spectrometry (David Moody, PhD unpublished data). The objective of this measurement was to confirm the bioavailability of the oral CBD doses administered relative to other published studies.
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Data Analysis
Subjective measures, performance tasks, and cardiovascular measures collected before and after experimenteradministered cannabis were analyzed as (1) time course data using a three-factor repeated measures model (CBD condition, cannabis condition, and time) with an AR (1) covariance structure and (2) peak effect, which was calculated for individual subjects and dose conditions, and analyzed in a two-factor model (CBD condition and MJ condition) using Proc Mixed in SAS 9.3 (Cary, NC).
Although subjective effects and cardiovascular data were also collected after the option to self-administer cannabis, these data were not analyzed because the amount of cannabis self-administered varied across participants. Number of cannabis puffs purchased was analyzed using a two-factor model (CBD condition and MJ condition); the percentage of participants choosing to self-administer cannabis as a function of cannabis strength and CBD dose was analyzed with a McNemar's Test. Tukey's post hoc tests were performed to explore the time course effects and to clarify the effects of individual CBD doses compared with placebo. Table 2 describes the demographic information of the research volunteers (n = 31) who completed the study. Of note, the sample was heterogeneous in terms of both sex and race. Nineteen additional participants started the study but did not complete it: one was discharged for pregnancy, and another was discharged for both ongoing gastrointestinal (GI) symptoms and inability to comply with the study requirements; the remaining 17 non-completers were unable to adhere to the protocol requirements.
RESULTS
Mood Scale
Figures 1 and 2 portray mood and cannabis ratings as a function of cannabis strength, CBD dose, and time. Under placebo CBD conditions, active cannabis significantly increased ratings of 'High' (Figure 1 ) and 'Good Drug Effect' (data not shown) over time (Tukey test, po0.001) relative to inactive cannabis. CBD did not significantly alter either of these ratings relative to placebo.
Marijuana Rating Form
Under placebo CBD conditions, active cannabis significantly increased the ratings of cannabis 'Liking' and 'Strength' (Figure 2) , 'Desire to take Again', and 'Good Effect' (data not shown; Tukey test, po0.01) relative to inactive cannabis. Active cannabis also increased estimates of the street value of the cannabis smoked relative to inactive cannabis (Figure 2 ; Tukey test, po0.001). CBD had no effect on these ratings relative to placebo.
Capsule Rating Form
Under placebo CBD conditions, active cannabis did not significantly alter any ratings of the capsule relative to inactive cannabis. There was also no effect of CBD relative to placebo on capsule ratings (data not shown). Data are presented as means (± SD) or as frequency. Alcohol drinkers defined as ⩾1 drink/week. Oral cannabidiol and smoked cannabis M Haney et al
Task Performance
Under placebo CBD conditions, active cannabis did not significantly alter performance on the DSST (eg, percent correct, number attempted, number correct) or CPT (eg, reaction time, number correct, number of misses) relative to inactive cannabis. There was also no significant effect of CBD relative to placebo on task performance (data not shown).
Cannabis Self-administration Figure 3 shows the percentage of participants choosing to self-administer cannabis and the number of inactive and active cannabis puffs purchased as a function of cannabis strength. Under placebo CBD conditions, more participants chose to self-administer active cannabis than placebo cannabis (po0.01) although difference in the number of active puffs purchased relative to inactive puffs did not reach significance (p = 0.11). CBD did not significantly influence either the percentage of participants who chose to self-administer cannabis or the number of puffs self-administered. Figure 4 shows that under placebo CBD conditions, active cannabis significantly increased peak heart rate (po0.01), and CBD did not significantly influence this effect relative to placebo. Neither CBD nor cannabis significantly altered systolic or diastolic blood pressure (data not shown). Table 3 shows the frequency of side-effects as a function of CBD dose. GI upset (nausea, vomiting, constipation, gas) and headache were the most frequently cited side-effects, but the overall incidence was low and did not vary with CBD dose. Figure 5 portrays both mean and individual plasma CBD levels as a function of time following capsule administration (800 mg). As illustrated, there was considerable individual variability in plasma CBD levels, with peak concentrations (C max ) ranging from 1.6 to 271.9 ng/ml (mean: 77.9 ng/ml).
Cardiovascular End Points
Medication Side-Effects
Plasma CBD
There was also variability in T max ranging from 120 to 360 min (mean = 180 min). 
DISCUSSION
This multi-site human laboratory study shows that oral CBD pretreatment does not alter the subjective, reinforcing, or cardiovascular effects of smoked cannabis relative to placebo in cannabis smokers. Active cannabis produced significant increases in ratings of 'High' and 'Good Effect' as well as assessments of the cannabis cigarette (eg, 'Strength', 'Liking', 'Desire to take again') and heart rate relative to inactive cannabis. Further, significantly more participants chose to self-administer active cannabis than placebo cannabis. None of these prototypic cannabis effects was affected by CBD relative to placebo. Oral CBD had slow and variable absorption, consistent with earlier studies. Yet, the absence of any CBD influence on smoked cannabis effects did not appear to reflect poor absorption of the capsules. Mean peak plasma concentrations of CBD (77.9 ng/ml) following administration of CBD (800 mg) exceeded those from studies demonstrating a significant CBD effect on mood or fMRI activation. For instance, peak plasma concentrations following administration of CBD (600 mg) administration ranged from 17.0 ng/ml (Winton-Brown et al, 2011 ; Bhattacharyya et al, 2010 , Borgwardt et al, 2008 Fusar-Poli et al, 2009 ) to about 55 ng/ml (Englund et al, 2013) . Although cannabis effects peaked 120 min after CBD administration in the current study, and 60 min earlier than peak CBD concentrations, there was no indication that CBD attenuated cannabis effects at any point during the 2-h cannabis time course (Figures 1 and 2) ; note, we did not assess whether CBD altered the metabolism of THC, as there is little to suggest that this occurs in humans (Hunt et al, 1981; Englund et al, 2013; Agurell et al, 1981; Karschner et al, 2011a, b) . Future studies focusing on CBD and THC interactions might consider these considerable individual differences in plasma drug levels following the oral route of administration.
Overall, our findings corroborate studies cited earlier showing that CBD was well tolerated, produced no significant psychoactive or cardiovascular effects relative to placebo when given alone (see Zhornitsky and Potvin, 2012) , and that CBD did not alter the effects of i.v., oral, vaporized, or oromucosal THC. For example, the subjective effects of nabiximols (oromucosal spray containing equal parts CBD and THC) did not differ from a comparable dose of oral THC alone (Schoedel et Oral cannabidiol and smoked cannabis M Haney et al did not alter ratings of 'stoned' following vaporized THC administration (Hindocha et al, 2015) ; and, cannabis smoked naturalistically (participant's own self-selected marijuana) with high CBD did not produce different ratings of 'stoned' than cannabis with low CBD concentrations (Morgan et al, 2010) . Furthermore, there was no indication that cannabis bred to contain different levels of CBD (0.2, 1.0%) altered the subjective, physiological, or performance effects of smoked cannabis with varying THC concentrations (1.8, 3.6% THC; Ilan et al, 2005) . Although CBD does not reduce THC's positive subjective effects (ie, ratings of 'high' or 'stoned'), there is evidence that it may reduce anxiety or transient psychosis-like side-effects of THC observed in infrequent cannabis smokers or when administered alone to patients with anxiety or psychosis (Bhattacharyya et al, 2010; Crippa et al, 2011; Bergamaschi et al, 2011a, b; Leweke et al, 2012; see Niesink and van Laar, 2013) . Older studies report that CBD changes the type of psychological reaction induced by THC in infrequent cannabis smokers, reducing their anxiety and thereby rendering THC more enjoyable (eg, Karniol et al, 1974) . Daily cannabis smokers rarely have anxiety and psychosis-like symptoms following active cannabis administration, and although there were three instances of anxiety in the present study following cannabis administration, there were too few to assess whether CBD altered these experiences.
Similarly, active cannabis did not worsen cognitive performance in our sample of cannabis smokers relative to inactive cannabis, which likely reflects the development of tolerance (Hart et al, 2001; D'Souza et al, 2008) . Preclinical and some controlled clinical studies have suggested that CBD reduces THC-related memory impairment (Zhornitsky and Potvin, 2012; Englund et al, 2013) . Naturalistic smoking studies, comparing cognitive performance in individuals after they smoked their own cannabis (Morgan et al, 2010) have suggested that CBD protects against the negative cognitive effects of THC (Henquet and Kuepper, 2010) . This may be the case but, as others have pointed out (Mechoulam and Parker, 2013; Wright et al, 2013) , individuals preferring CBD-rich cannabis may differ at baseline from those who prefer CBD-poor cannabis, suggesting that these findings may reflect group differences rather than CBD concentrations per se.
Thus, in summary, CBD is a cannabinoid with a varied and complex mechanism of action. The present multi-site study, testing a range of CBD doses using a statistically powerful within-subject design, provides no evidence that acute administration of oral CBD reduces the reinforcing or positive subjective effects of cannabis in current cannabis smokers. It is possible that chronic rather than acute CBD administration would have produced different results, as the duration of medication administration can have an important impact on outcome in medication development (eg, Haney and Spealman, 2008) . It is also possible that different results would have been obtained if CBD or THC were given by another route of administration or if participants were not cannabis smokers. Nonetheless, the study was designed to determine whether oral CBD pretreatment has potential to be a treatment medication for CUD, and the answer to that question appears to be no.
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